The fate of excessive fluoride in water is cause for serious public health concerns worldwide. Water defluoridation using various technologies therefore continues to attract disproportionate research interest from around the world. Defluoridation studies using soil adsorbents, in particular, have remained the focus of intense research efforts since the last few decades. So as to assess the research status in this area, soil adsorbents commonly reported for water defluoridation over the last few decades were reviewed. This paper presents a compilation of defluoridation capacities and a summary of requisite parameters for water defluoridation using soil adsorbents. Comparison of defluoridation efficiencies of soil adsorbents is also presented, and the fluoride adsorption kinetics and adsorption equilibrium characteristics of adsorbents discussed. The results indicate that the soil adsorbents that have attracted highest research interest in this regard include hydroxyapatites, montmorillonites, hydrotalcite, zeolites, pumice and kaolinites. On average, however, the minerals that have shown the highest capacities for water defluoridation are: ferrihydrites, hydrotalcite, palygorskites, boehmite/bauxite, and pumice. Fluoride adsorption for most soil adsorbents is fitted by the Langmuir and Freundlich isotherms. Most of the kinetic data, in contrast, were described by the pseudo-second-order kinetics model. Water pH and temperature were the dominant solution factors that controlled fluoride adsorption onto soil adsorbents.
INTRODUCTION
At the moment, technologies used in defluoridation of water include reverse osmosis and nanofiltration, dialysis and electro-dialysis and adsorption (Mohapatra et al. a) . However, adsorption appears to be the most appropriate solution because it is cost-effective, simple to operate and it produces high-quality treated water (Deshmukh & et al. ; Tomar & Kumar ) . They are, however, expensive, require a delicate balancing in adsorption parameters, and are strongly affected by the presence of competing anions such as SiO 4 4À , SO 4 2À , Cl À , CO 3 2À and PO 4 3À in water. According to Loganathan et al. () , the alternate adsorbents desired for safe and easy treatment of high-fluoride water must not only be affordable and efficient but also simple to use and robust enough to This is because soils, ordinarily, have good natural sorptive properties, and they are chemically stable, readily available in abundance, and usable in a wide range of water conditions. As a consequence, large volumes of research data continue to accrue in the field of water defluoridation based on sorbent soil media.
To inform further research progress in these discipline areas, consolidation of the current research output by systematic critical review is desired. Such reviews are particularly useful in interrogating the research status of a given study area, and they are used to unravel important research details and expose gaps in research data that require filling so as to facilitate subsequent research progress in the particular field of study.
Water defluoridation has been the subject of intense literature reviews, especially in the most recent years Despite the intense research interest being generated by soil adsorbents in water defluoridation, there has been no such review that has been devoted solely to providing deeper insight into the role of soil adsorbents in water defluoridation. Furthermore, previous reviews of water defluoridation and of water defluoridation by adsorption have given only a casual treatment to the role of soil adsorbents in water defluoridation. As a consequence the overall direction of science, insofar as the use of soil adsorbents in water defluoridation is concerned, remains unclear. An indepth review of fluoride soil adsorbents is therefore desirable for a deeper understanding of the role of soil adsorbents in the on-going search for robust adsorbents for easy and safe defluoridation of drinking water. This would in turn inform more focussed studies towards innovative technological approaches to management of community exposure to excessive fluoride through drinking water.
The current work was designed to provide an in-depth view of available soil adsorbents that have been reported for water defluoridation in the recent literature. It presents a compilation of DCs and parameters for optimal fluoride adsorption by various classes of soil adsorbents. The equilibrium and kinetics properties of fluoride uptake by the adsorbents are summarized and the overall status and prospects of applicability of the particular adsorbents discussed. It is hoped that the current work will provide a vantage point from which subsequent studies can be designed to engage present knowledge gaps so as to bridge scientific data and facilitate research progress towards innovative water defluoridation technologies based on the current literature data.
FLUORIDE SOIL ADSORBENTS
The classes of soil minerals that have attracted the greatest research interest for defluoridation of water in the most recent past are presented in Table 1 . Ceramics and mixed mud adsorbents were fitted by the Freundlich isotherm, indicating that physisorption was the preferred adsorption mechanism for fluoride immobilization into these adsorbents. However, the equilibrium data for sintered mud and red soil could also be fitted by the Langmuir isotherm, indicating heterogeneity in the sorptive surfaces of the adsorbents. Both fluoride adsorption onto the waste mud and onto sintered mud could be described by a pseudo-second-order rate kinetics model, and the data for sintered mud were also correlated by pore diffusion models.
Oxide minerals
The major groups of oxide minerals of interest to water 
Aluminium-based oxides minerals
The Al oxide minerals of greatest interest to water defluori- 
Calcareous minerals
The term calcareous is used to describe soil samples that are High DCs for coal are, therefore, achievable at room temperature over a wide pH range of 4-10. Furthermore, only a little adsorbent of about 1% (mg/mL) dosage is required. The sorption process is fast, with more than 90% fluoride being sorbed in the initial 10 minutes even though, as for lignite, a more extended contact time of 60-90 minutes is then required before the final equilibrium is attained. 
).
Owing to a high proportion of electronegative oxygen groups in the soil structure close to the adsorbent surfaces, many soil systems tend to carry a net negative charge, which is unfavourable to fluoride adsorption. In natural systems, this keeps fluoride in the soil solutions, from where it becomes easily available for easy uptake by plants. So as to enhance the potential of the soil adsorbents for fluoride adsorption, the adsorbent soil samples are pre- 
INFLUENCE OF SOLUTION PARAMETERS
The solution parameters, which include the pH, temperature, adsorbate concentration and adsorbent dosage and co-existent ions, exert the strongest effects on the adsorption processes because of their influence on the surface chemistry of the soil adsorbents and on the transport of solutes through the bulk solution to the adsorbent surface.
Solution pH
It is observed that the pH is the main parameter that con- The differences in pH of the highest fluoride uptake for various soil systems arise principally from the differences in the surface chemistry, which control the affinity of soil surfaces towards different fluoride species in soil solutions.
Soils that have high fluoride adsorption capacities in acidic media of a pH <5 have a higher affinity for molecular HF species, which are the dominant fluoride species in strongly acidic media. They adsorb by forming continuous hydrogen bonds with electronegative centres in the adsorbent soil surfaces. Certain soils that preferentially sorb fluoride in the pH range of 5-6 have an affinity for Fspecies and the mode of fluoride adsorption is mainly complexation with positive metal centres, which include Al 3þ , Fe 3þ , and Si 4þ , among many, in the lattice soil surfaces. It can be assumed that over the entire range of pH values, the soils must then contain surfaces that have a mutual attraction to either of the species.
Temperature
Temperature is another key factor that controls the adsorption equilibrium of fluoride at the soil surfaces because of its influence on the adsorption energy, adsorption kinetics and on the reaction activation energy (Biswas et al. a) . 
Contact time
The residence time required for attainment of equilibrium in an adsorption process is influenced by the structure of the adsorbent and the nature of the chemical interactions that occur between the adsorbate and the reactive adsorbent sites. Adsorbents with compact crystalline structures and characteristic exposed reactive surface sites tend to have more rapid adsorption rates than porous media with intraparticle surface sites. This is because in the latter case, the adsorbate particles must be transported inside the adsorbent structures by diffusion to access the reactive sites. Thus, 
COMPARISON WITH OTHER FLUORIDE ADSORBENTS
A comparison of the fluoride adsorption capacities, DCs, of soil adsorbents with those of other low-cost adsorbents reported in the literature is given in Table 2 .
Categories of fluoride adsorbent that have most frequently been studied for water defluoridation include Clearly, the current work indicates that soil adsorbents are the most promising media for isolation of the robust adsorbents desired for easy treatment of high-fluoride
water. This is because soil minerals generally have better sorptive DCs than most of the other categories of adsorbents including alumina-based adsorbents, activated carbons, biosorbents and biopolymers and they are chemically stable, simple to prepare and usable in wider water conditions. In addition, the current literature shows that soil adsorbents can more easily be regenerated over several cycles of reuse, and they are generally available and cheaply obtainable in large quantities from abundant natural resources.
CONCLUSIONS
In general the choice of a soil adsorbent for treatment of fluoride-contaminated water is controlled chiefly, among other factors, by the known adsorption capacities of the adsorbent for fluoride and the related adsorbates. The availability, cost, ease of preparation, simplicity of its application, and potential environmental and health hazards are the other factors that dictate suitability of an adsorbent for defluoridation of drinkable water. Based on approximate mean DCs, which have been reported in the literature, palygorskite (∼57 mg/g), pumice (∼18 mg/g), zeolites (∼16 mg/g), hydroxyapatite (∼13 mg/g), iron-enriched laterites (∼9 mg/g), bauxite (∼8 mg/g) and montmorillonites (∼5 mg/g) appear to be the most promising clay-based sorbents for water defluoridation. The other minerals, including kaolinites, ceramics, quartz, red soils, fluorspar, calcite and sordic soil have mean DCs of less than 3.0 mg/g and do not present very prospective sorbents for water defluoridation.
Certain potential adsorbents, which include palygorskite, pumice and montmorillonites, are not well distributed and could be difficult to procure for easy use in water defluoridation. Most distributed minerals in the humid tropical climates where high fluoride water is rampant include, laterites, hydroxyapatite, and silicate clays. The silicates and lateritic minerals are also the easiest to prepare and they are environmentally passive. This makes them first choice geomaterials for water defluoridation, especially At the moment, the rare earth oxides and various nanosized adsorbents appear to have the highest water DCs.
However, the current work reveals that the soil adsorbents could be the most promising media for isolation, processing and fabrication of robust adsorbents for the treatment of fluoride contaminated water. On the whole, the soil adsorbents have higher DCs than most of the other categories of adsorbents including most alumina based adsorbents, activated carbons, biosorbents and biopolymers. They are stable, simple to prepare and use and they could be regenerated over several cycles of reuse not to mention that they are among, if not the cheapest materials to procure due to their ready availability in large quantities in nature.
